In x-ray radiography, particularly for technical and industrial applications, a scanning setup is very often favorable when compared to a direct two-dimensional image acquisition. Here, we report on an efficient scanning method for grating based x-ray phase contrast imaging with tube based sources. It uses multiple line detectors for staggered acquisition of the individual phase-stepping images. We find that the total exposure time does not exceed the time needed in an equivalent scanning setup for absorption radiography. Therefore, we conclude that it should be possible to implement the method into a scanning system without affecting the scanning speed or significant increase in cost but with the advantage of providing both the phase contrast and the absorption information at once.
I. INTRODUCTION
Phase sensitive x-ray techniques have become an attractive alternative method for imaging applications because they use the phase shift rather than the absorption as the imaging signal and thus they can deliver additional and complementary information on the sample. In the past years a variety of such techniques has been developed and many applications have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, not one of these techniques has become so far an instrument to be routinely used in commercial applications such as in medical imaging, security screening, nondestructive testing or quality inspection of commercial products. Because of the need for highly temporal and/or spatial coherent radiation sources these techniques cannot be applied in combination with conventional high power and broadband x-ray tubes which would be essential for routine applications.
Recently we have developed an x-ray technique providing phase sensitive x-ray images with conventional broadband x-ray tube sources. [18] [19] [20] This technique is based on transmission gratings that are placed in the x-ray beam ͑Fig. 1͒. The phase grating G 1 and the absorption grating G 2 form the phase sensitive interferometer. They are located between the sample and the detector. Due to recent advances in the micro-fabrication processes 21, 22 large area gratings for large fields of view are now available. Thus, phase contrast images can be achieved of centimeter sized samples. Moreover, by taking advantage of the so-called phase-stepping data acquisition mode, [23] [24] [25] this technique provides not only the advantage of phase sensitive imaging but also the complementary conventional absorption radiography information at the same time. Such a setup with only two gratings requires a high degree of spatial coherence. This means, that the method would only work with very small micro focus sources placed at a large distance, resulting in low flux densities and thus long exposure times. To overcome this severe limitation, we use a third grating G 0 mounted close to the x-ray source, dividing the extended incident beam into an array of sources with sufficient spatial coherence. If the grating periods fulfill the condition p 0 = ͑l / d͒p 2 ͑see Fig. 2͒ , each of the individual sources contributes constructively to the image formation. In consequence, large and incoherent x-ray sources can be applied. These gratings can be considered as a rather simple add-on to any existing x-ray imaging setup. Therefore, this technique has the potential to provide phase sensitive imaging at high power and broadband x-ray tubes for any kind of application.
As diverse as the applications of x-ray imaging, e.g., medicine, biology, pharmacy, quality inspection, nondestructive testing, and homeland security, are the needs for adequate instrumentation. Because some of them require fast, reliable, and cost-effective instrumentation, many of the existing absorption contrast systems have been realized as a scanning setup. Thereby, large area two-dimensional detectors can be omitted and inexpensive line detectors can be used instead. Furthermore, scanning-type systems can be easily adopted if the objects to be screened come one after the other as is the case for products coming on a conveyor belt. Furthermore for very large samples scanning is very often the only practicable approach.
Running the grating interferometer in the scanning mode ͑detector and grating lines in parallel arrangement͒ not only provides the benefits of line detectors but also solves some of the problems when large area gratings are used, i.e., alignment, homogeneity of fabrication or nonorthogonal angle of incidence. However, with a single line detector the phasestepping procedure becomes very slow because in every step of the sample scan as many exposures have to be taken and read out as phase-steps are desired for the analysis. In this work a scanning method is presented that uses several parallel line detectors. The signals from the simultaneous exposures of the individual lines can be transformed into phase-stepping series and thus the latter can be acquired in a single shot. 
II. EXPERIMENTAL SETUP

A. Grating interferometer setup
Grating interferometry, fabrication and the x-ray tube setup have already been described in detail elsewhere. [18] [19] [20] [21] [22] [24] [25] [26] [27] [28] For our measurements reported here the parameters of the setup ͑as compiled in Fig. 1͒ were optimized for 28 keV photon energy. Furthermore, our detector was one module of the single photon counting Medipix2 detector. 29 It consists of a 700 m thick Si absorber layer and a CMOS readout chip underneath with 256ϫ 256 pixels of 55 m size each. Thus, the total image size was 14ϫ 14 mm 2 . Multiple line detectors ͑with precisely defined distances between them͒ were achieved by selectively reading out individual columns of the Medipix2 module.
B. Multiple line detector phase stepping scanning method
Ideal alignment of the gratings G 1 and G 2 means that their lines are parallel to each other ͑along the y axis, vertical direction͒ and that the effective periodicity of the microscopic interference pattern ͓I͑x͒, see Fig. 2͔ generated by G 1 equals the periodicity of G 2 . Misalignment of the gratings can easily be monitored as it gives rise to linear Moiré fringes. These Moiré fringes can be thought of as local varying shifts of the grating bars of G 1 with respect to those of G 2 . For example, if the gratings are slightly distorted with respect to the z axis ͑see Fig. 1͒ horizontal Moiré fringes arise ͑along the x axis͒. Indeed, a slight mismatch of the inter grating distance dЈ = d + ⌬d causes vertical fringes ͑along the y axis͒ because the beam divergence 30 changes the effective periodicity of the microscopic interference pattern to p 2 Ј= p 2 + ͑⌬d / l͒p 1 and thus p 2 Ј differs from the G 2 periodicity p 2 . Therefore, the intensity of the radiation transmitted through the gratings becomes a varying function of the x coordinate depending on the relative position of the absorbing bars of G 2 with respect to the maxima of the microscopic interference pattern I͑x͒. In Fig. 3͑b͒ an image recorded with the Medipix2 is shown where all parameters for the grating alignment were fully optimized, but the distance d was increased by ⌬d = 2 mm. Figure 2 illustrates that, in the case of vertical Moiré fringes, equidistantly distributed individual lines of the detector ͑x 1 , x 2 , ... ,x N ͒ correspond to different relative position of G 1 and G 2 ͑⌬x 1 , ⌬x 2 , ... ,⌬x N ͒. These relative position coordinates ⌬x i can be thought of as the coordinates of steps in a phase-stepping series. The idea for the scanning method is that the sample is moved in steps of ⌬s in the horizontal direction and that the detector lines x 1 , x 2 , ... ,x N are read out for each position. Then the image recorded with the line detector at x i and the indicated slice of the sample in front of it belongs to the ith phase-step for the radiograph of the selected slice.
In this way, a series of i =1, ... ,N images is obtained, where each of them corresponds to a phase-stepping position ⌬x i . From this data set the absorption and differential phase contrast image is achieved by using the phase-stepping analysis algorithm. [23] [24] [25] The algorithm requires that the range over which the phase-stepping scan is carried out corresponds to integer multiples of one period. In terms of the scanning setup this means that the number of detector lines N and the distance D between them matches integer multiples of the distance between adjacent Moiré fringes. In Fig. 3͑a͒ an example is shown where every fourth line and N = 12 lines in total were read out from the Medipix2 detector, covering exactly one Moiré fringe.
Since the images taken for each phase-step position are recorded with different line detectors and at different positions of the gratings the measured signals also depend on the detector efficiency and the effectively transmitted x-ray intensity through the gratings. This overall efficiency can be determined for each pixel by acquiring a series of images with no sample in the beam and by stepping the grating G 2 . The average of the intensity of each pixel over one period p 2 is proportional to the overall efficiency and thus can be used to normalize the data set of the sample measurement.
The sample scanning step size ⌬s has to be slightly smaller than the distance D between two detector lines to compensate for the beam divergence, i.e., ⌬s = l / ͑l + d͒D, assuming that the sample is right in front of the grating G 1 . The scanning translation stage must have sufficient precision for accurately positioning the sample in steps of ⌬s, which is Ϸ220 m in the present case. Figure 4 shows a successful application example of the scanning method to a flowerlike test sample made from plastic ͑ Ϸ 1.5 cm͒. As indicated in Fig. 3, N = 12 vertical lines ͑every fourth line͒ of the Medipix2 detector were read out in total and then reorganized as a phase stepping series. The absorption ͓Fig. 4͑a͔͒ and the differential phase contrast image ͓Fig. 4͑b͔͒ retrieved consist of 840ϫ 256 pixels each, whereby 840 represents the number of scanning steps performed. The exposure time was 5 s per scanning step. Thus, the total length of the scan in this example was Ϸ46 mm and the total acquisition time was Ϸ70 min.
III. EXAMPLE AND APPLICATION
The number of lines and the spacing between them was arbitrarily chosen for this example. Only the condition that the selected sequence has to match exactly one Moiré fringe was taken into account. In a setup consisting of a given number of detector lines with fixed spacing this condition can be fulfilled by optimizing the inter grating distance d such that the density of Moiré fringes appropriately matches the detector lines.
IV. CONCLUSION
It was shown that by using several equidistant line detectors sample scanning can successfully be carried with a grating interferometer. This procedure simultaneously yields conventional absorption images and phase contrast images. The individual detector lines represent the sequence of a phase-stepping series. Since they can be acquired in one exposure, no extra exposure time is required if compared to a standard absorption scanning radiography setup.
Scanning generally offers an inexpensive way for large area imaging due to the moderate costs of one-dimensional detectors. Even though our method needs at least four lines it will still be favorable because the required grating size and, therefore, the costs for fabrication can be reduced. The nonorthogonal angle of incidence onto the gratings can severely affect the phase contrast formation. By only using a small strip along the grating bars this problem can be overcome because nonorthogonality with respect to the direction of the grating bars does not affect it at all. Furthermore, the difficulties of alignment, homogeneity, and distortion of large gratings on their native wafers can be reduced. Finally, we conclude that it is feasible to implement this technique into many of the existing x-ray scanning systems because this technique neither demands for any microfocus tube nor is the radiation dose significantly increased. 
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FIG. 4.
͑a͒ Absorption image and ͑b͒ differential phase contrast image acquired by scanning of a flowerlike test sample made from plastic. In total 840 scanning steps were performed yielding an image of 256ϫ 840 pixels.
